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Recombination: Homologous recombination branches out
Kevin Hiom
Homologous recombination can be divided into three
key steps: strand exchange, branch migration and
resolution. The identification of a protein complex that
catalyses branch migration and Holliday junction
resolution argues that the mechanism of homologous
recombination is conserved from bacteria to man.
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Double-strand DNA breaks may be introduced into the
genome in a variety of ways. They may arise through
exposure of cells to harmful agents, such as ionising
radiation or cytotoxic chemicals. Alternatively, breaks may
arise through errors in DNA replication or as normal inter-
mediates during programmed cellular processes such as
meiosis or V(D)J recombination (which generates mature
immunoglobulin or T-cell receptor genes from the separate
fragments of the germline genome). Whatever the cause,
these breaks must be repaired to ensure survival of the
cell. Essentially, cells employ two major pathways for
repairing double-strand breaks. One pathway, termed non-
homologous end joining, involves the simple rejoining of
the broken DNA ends, regardless of the DNA sequence.
This mechanism is error-prone, however, as small dele-
tions may be introduced at the break site. Alternatively,
after replication has taken place to generate an identical
copy of each chromatid, DNA breaks may be repaired by
homologous recombination. In this pathway, a double-
strand break present in one chromatid is repaired using
its intact sister chromatid as a template. The repair of breaks
by homologous recombination is thus a high fidelity
process which ensures that all the genetic information at
the break site is retained.
Most molecular models for homologous recombination
describe the process in terms of three key steps: strand
exchange, branch migration and resolution (outlined in
Figure 1). The first of these steps, strand exchange,
involves pairing of the broken DNA end with the homolo-
gous region of its sister chromatid, followed by strand
invasion to form a DNA crossover or Holliday junction.
This process generates regions of heteroduplex DNA
comprising DNA strands from different sister chromatids.
Next, during branch migration, the Holliday junction is
translocated along DNA, extending the region of het-
eroduplex away from the initial crossover site. Finally, the
Holliday junction intermediate is resolved by cleavage of
the junction to form separate duplex DNA molecules
again [1,2].
The basic model for recombination was largely derived
from genetic studies in fungi such as Ustilago maydis and
Saccharomyces cerevisiae (reviewed in [3]). It was studies
using bacteria, however, which provided the crucial bio-
chemical support for the model. Indeed, in the bacterium
Escherichia coli, where the 20 or so genes involved in
recombination are known, specific proteins which carry
out each of the key steps in homologous recombination,
have been identified. In higher organisms, the Rad51
protein is a structural and functional homologue of the
bacterial strand-exchange protein RecA [4]. This strongly
suggests that the basic mechanism of strand exchange is
conserved through evolution. However, very little is
known about the other key steps of recombination in
higher organisms. Now, new work from the laboratory of
Steve West and colleagues [5] has identified a biochemical
complex from mammalian tissue that carries out both
strand exchange and resolution of Holliday junctions. This
finding provides the strongest evidence yet that the
underlying mechanism of homologous recombination is
conserved from bacteria to man.
In the mid 1990s, West and colleagues identified the first
branch migration and resolution activities from bacteria
(reviewed in [6]). They showed that cell extracts made
from E. coli were able to process RecA-generated recombi-
nation intermediates into the specific DNA products
expected for both branch migration and resolution.
Subsequently, by examining cell extracts from E. coli
strains with specific mutations, they identified the protein
factors responsible for these activities. Purification and
biochemical analysis of these factors confirmed that branch
migration was catalysed by a complex comprising the RuvA
and RuvB proteins, while Holliday junction resolution was
executed by RuvC.
In their recent work [5], West and colleagues have used a
similar approach to demonstrate branch migration and res-
olution activities in mammalian cells. Using cell extracts
made from calf testis, they assayed for branch migration
and resolution activities on synthetic Holliday junction
substrates, made by annealing four oligonucleotide DNAs.
In this assay, branch migration of the Holliday junction
produces a splayed arm DNA product, while resolution
generates a nicked duplex (Figure 1b). Remarkably, West
and colleagues found that the same partially purified cell
extract was able to catalyse both branch migration and res-
olution of Holliday junction substrates. Furthermore, like
its bacterial counterpart, the mammalian branch migration
activity was dependent on the high energy cofactor ATP,
while the resolvase was not. Strikingly, these two activities
were found to be tightly associated, co-purifying after a
number of chromatographic steps. The association of
branch migration and resolvase activities directly mirrors
the situation in E. coli, where the RuvC protein is known
to form a specific complex with RuvA and RuvB on
Holliday junctions [7]. Although resolvase activity from
calf testis extracts has been reported previously, the obser-
vation that the resolvase is tightly associated with a novel
branch migration activity is an exciting advance.
The mammalian branch-migration and resolution activities,
like those from bacteria, can be separated by column chro-
matography, indicating that they are biochemically dis-
tinct processes. Furthermore, gel filtration studies indicate
that the mammalian branch-migration activity may be a
protein of molecular mass approximately 40–50 kDa. This
is rather interesting as it suggests that branch migration in
higher organisms is catalysed either by a single protein
factor or by a complex of much smaller proteins. This con-
trasts strongly with E. coli, where a large multisubunit
complex is known to drive branch migration. Indeed, in
E. coli the RuvA protein binds Holliday junctions as a
tetramer, where it sits at the crossover point of the junc-
tion, holding it in a square planar configuration. In addi-
tion, two hexameric RuvB rings sit adjacent to RuvA,
located on two opposite flanking arms of the junction,
with DNA passing through the central cavity of each ring.
As RuvA and RuvB monomers have molecular mass of 22
and 37 kDa, respectively, the bacterial branch migration
complex has a molecular mass in excess of 500 kDa [8].
Until the factors with the branch-migration and resolution
activities in mammalian cell extracts are identified, it is
difficult to know whether they genuinely function in
homologous recombination. Although, a number of groups
identified a Holliday junction resolvase activity in yeast
that was associated with the CCE1 gene, this protein is
unlikely to participate in general homologous recombina-
tion, as it is primarily located in mitochondia [9]. However,
this is not the case for the mammalian activities, which are
located in the nucleus. Further analysis demonstrated that
these mammalian activities are present in tissues such as
thymus, spleen and testis, which are known to be active
for homologous recombination, but are found at low levels
in liver cells, where homologous recombination is less
active [5].
At present, insufficient material is available to attempt
direct identification of the active components in the testis
extracts, either by mass spectrometry or by peptide
sequencing. However, a number of candidate proteins have
been discounted. West and colleagues [5] have assayed
resolvase and branch-migration activities in cell extracts
from a number of mutant cell lines that are known to be
defective in homologous recombination. These include
cell lines defective in the XRCC2 and XRCC3 proteins,
the Bloom’s syndrome protein BLM, and the Werner’s
syndrome protein WRN. Unfortunately, all the extracts
tested were proficient for resolution and branch-migration,
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Figure 1
(a) Double-strand break repair model for
homologous recombination. Initially the
double-strand break (DSB) is 5′-to-3′
resected, producing DNA ends with 3′
single-stranded DNA tails. The 3′ ends invade
a homologous DNA duplex, forming a DNA
crossover or Holliday junction and providing a
primer to initiate new DNA synthesis. Branch
migration of the Holliday junction extends the
region of heteroduplex away from the initial
site of crossover. Holliday junctions are
resolved by endonucleolytic cleavage of either
the crossed strands (green arrows) or non-
crossed strands (black arrows) of the junction.
Resolution of the two Holliday junctions in
different orientations — crossed with non-
crossed — will result in the exchange of
flanking markers, while resolution in the same
orientation — crossed with crossed or non-
crossed with non-crossed — does not result in
exchange of flanking markers. (b) Assay for
the branch migration and resolution of
Holliday junctions. Synthetic Holliday junction
substrates, made by annealing four
complementary oligonucleotides, are
incubated with cell extracts made from calf
testis. In the presence of the high-energy
cofactor ATP, branch migration gives rise to
splayed arm DNA products, while nucleolytic
resolution introduces symmetrical nicks near
the DNA crossover to generate nicked duplex
products.
Splayed arm DNA
Cell extract
+ ATP
Nicked duplex
Current Biology   
Branch migration Resolution
Cell extract
–ATP
 Holliday junction
substrate
DSB(a) (b)
5′ to 3′ Resection
Strand invasion
Branch migration and
new DNA synthesis
Holliday junction resolution
No crossing over Crossing-over of
flanking markers
R280 Current Biology Vol 11 No 7
indicating that the XRCC2, XRCC3, BLM and WRN pro-
teins do not contribute to these activities. Cell lines that
are defective in the recombination proteins RAD51B,
RAD51C and RAD51D have been derived from the
chicken B-cell line DT40 [10], but again preliminary data
suggest that these too are competent for both branch
migration and resolution.
Where does this leave us? Without identification of the
factors encoding the mammalian branch-migration and
resolution activities, it is not possible to genetically confirm
that the activities described by West and colleagues [5]
really do function in homologous recombination. Taken
together, however, the close association of the resolvase
and branch-migration activities, the specific requirement
for a high energy cofactor and the tissue specificity exhib-
ited by these activities make them the strongest candidates
yet for being bone fide recombination factors. It is likely
that further analysis of mutant cell lines, as well as improve-
ments in the chromatographic purification of these pro-
teins, will yield their identity in the near future. Although
the jury may still be out, the case becomes ever more com-
pelling that the basic mechanism of homologous recombi-
nation is the same in humans as in the lowly bacteria.
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